Introduction {#sec1}
============

*S*-Adenosyl-[l]{.smallcaps}-methionine (SAM) is most widely recognized for its role as the cellular methyl donor to a wide variety of acceptors. However, pioneering studies by Knappe, Frey, and colleagues in the 1980s demonstrated that SAM is the key cofactor in reactions that involve radical mediated transformations.^[@ref1]−[@ref3]^ Prior to the explosive growth of genome sequences, bioinformatic analysis using a conserved sequence motif, CX~3~CX~2~C,^[@ref4]^ led to the discovery and classification of these enzymes into the radical SAM superfamily. More recent sequence-based analyses have revealed \>100, 000 radical SAM enzymes in all domains of life,^[@ref5],[@ref6]^ and mechanistic paradigms for many have been established.^[@ref6],[@ref7]^ Since the cysteine signature sequence that is often associated with this class of enzymes is not always present,^[@ref8]−[@ref11]^ it is likely that more members will be discovered as more sophisticated bioinformatic methods are brought to the fore. Despite activation of SAM underpinning the function of all members of the radical SAM superfamily, it reamins underexplored.

The unifying property of nearly all radical SAM enzymes is the coordination of a \[4Fe-4S\] site-differentiated cluster, which binds SAM and activates it for reductive cleavage^[@ref12]−[@ref14]^ (reviewed in ref ([@ref15])). This complex serves as the starting point for activating SAM for a wide variety of radical-mediated reactions. Usually the reductive cleavage of SAM, mediated by the cluster, is thought to generate a 5′-deoxyadenosyl radical (dAdo•) to initiate the catalytic cycle. While dAdo• nearly always abstracts an H atom to form 5′-deoxyadenosine (dAdo), alternative outcomes for both SAM and dAdo• have been documented. In Dph2, cleavage of SAM produces the 2-aminobutyrate (2-AB) radical, which undergoes addition to a His residue in elongation factor-2 (EF-2) to generate diphthamide.^[@ref16],[@ref17]^ In a cobalamin-independent glycerol dehydratase (GD), the GD-activating enzyme harnesses the 2-AB that is formed from reductive cleavage of SAM to form a glycyl radical on GD to support catalysis.^[@ref18]^ In the biogenesis of futalosine^[@ref19],[@ref20]^ and peptidylnucleoside antibiotics^[@ref21]^ dAdo• instead adds to the substrate generating a dAdo-containing product. In yet another variation, in a subset of radical SAM enzymes the cluster neither binds nor reductively cleaves SAM.^[@ref22]^ These notable exceptions notwithstanding, formation of dAdo• is key to reactivity of majority of the radical SAM enzymes discovered to date.

In the earliest models of activation, the reduction of the iron--sulfur cluster from the resting +2 to the catalytic +1 oxidation state is followed by reductive fragmentation of SAM to generate dAdo• and methionine (Met).^[@ref1]−[@ref3],[@ref23]−[@ref25]^ Many lines of evidence support this model. First, the reduction of the cluster to the +1 state is required for catalytic activity.^[@ref26],[@ref27]^ Second, SAM interacts directly with the unique iron atom of the cluster through its amino and carboxylate moieties.^[@ref14]^ This unique coordination was first observed with pyruvate formate-lyase activating enzyme (PFL-AE)^[@ref12],[@ref13],[@ref28]^ and has since been shown to be a common feature of nearly all radical SAM enzymes. Third, in lysine 2,3-aminomutase (LAM), spectroscopic studies with a selenium analog in place of sulfur in SAM have shown that the Se atom of Met remains within 2.7 Å of the unique iron in the cluster.^[@ref14],[@ref29]^ Finally, large numbers of structural studies across the superfamily place the abstracted H atom within a van der Waals radius of the 5′-position of SAM.^[@ref9],[@ref10],[@ref30]−[@ref46]^ All of these observations suggest an intimate role for the cluster in reductive activation of the cofactor.

While all biochemical and structural studies suggest that SAM undergoes a process that ultimately produces dAdo•, the reduction of SAM is associated with significant thermodynamic mismatch. Aryl sulfonium salts display cathodic peak potentials (*E*~pc~) that approach −0.150 V versus the standard hydrogen electrode (SHE).^[@ref47]^ Based on polarographic studies by Colichman et al. in 1953, it is widely accepted that the peak potentials of trimethylsulfonium salts are significantly lower (∼−1.6 V), which pose a significant challenge for radical SAM enzymes where midpoint potentials (*E*~p~) of the cluster responsible for activating SAM, the so-called radical SAM cluster, falls within the range of −0.450 to −0.550 V.^[@ref22],[@ref48]−[@ref53]^ While Frey and colleagues have demonstrated that, in LAM,^[@ref51]^ the reduction potential of the iron--sulfur cluster trends more negative as the enzyme binds the substrate/substrate analog and becomes poised for catalysis, a substantial thermodynamic mismatch still remains.

The mechanism by which SAM is reductively cleaved in radical SAM enzymes is not well understood. Moreover, to our knowledge, no solution measurements of the redox properties of SAM are available. In this manuscript, we carried out voltammetric and amperometric studies to measure the peak potential of SAM under aqueous conditions. We demonstrate that under controlled potential conditions, the cleavage of SAM is a one electron process that leads ultimately to the formation of dAdo and 2-AB. The implications of these results to understanding the mechanism of cleavage of SAM by radical SAM enzymes in the context of the current mechanistic imperatives are discussed.

Experimental Procedures {#sec2}
=======================

Enzymatic Preparation of SAM {#sec2.1}
----------------------------

Synthesis and purification of SAM was performed as previously described.^[@ref54]^

Cyclic Voltammetry of SAM {#sec2.1.1}
-------------------------

All solvents were cycled into a Coy anoxic chamber (maintained at 95% N~2~/5% H~2~) and deoxygenated overnight. The reaction mixtures were prepared by combining an aliquot (50 μL) from an aqueous stock solution of SAM (Sigma) with an equal volume of a 2 M solution of KI. The solution was vigorously stirred before adding 0.45 mL of solvent. For the reactions performed in acetonitrile or ethanol, it was necessary to include 50 μL of water to solubilize SAM and KI. Prior to each scan, a 3 mm glassy-carbon working electrode (CH Instruments) was polished with 0.05 μm alumina. Next, the working, calomel reference (CH Instruments) and platinum counter electrodes (Pine Research) were submerged into the solution. Voltammetry was performed using a Model 1200C hand-held potentiostat (CH Instruments), with a scan window of −0.05 to −1.6 or −1.85 V. Following each set of CV scans, a 0.2 mM aqueous solution of methyl viologen (MV) containing 0.1 M KCl was scanned at a rate of 100 mV/s as a control. All voltammetric measurements were corrected to the standard hydrogen electrode potential (SHE).

Controlled Potential Electrolysis of SAM {#sec2.1.2}
----------------------------------------

The reaction mixtures contained 5 mM SAM, 50 mM PIPES·NAOH (pH 7.4), and 0.2 M KI in a total volume of 1 mL. The solution was stirred to mix the components. Prior to initiating the reaction, mixing was stopped and prepolished 3 mm glassy carbon working, calomel reference, and platinum counter electrodes were submerged in the solution. An aliquot of the solution (70 μL) was withdrawn as a pre-electrolysis standard, and the reaction was initiated by poising the cell at the desired potential. An aliquot (70 μL) of the mixture was withdrawn at various times after initiating the reaction. The solution was stirred after each withdrawal, but the stirring was off during the electrolysis. All aliquots from the reaction were frozen at the end of the experiment. For the reactions performed in D~2~O all components were dissolved in D~2~O except the 1 M PIPES·NaOH (pH 7.4) stock solution. The final D~2~O content of the reaction mixture was ∼95%.

Analysis of Products of Controlled Potential Electrolysis of SAM {#sec2.1.3}
----------------------------------------------------------------

An aliquot (30 μL) of each of the time points was analyzed with a Vanquish UHPLC (Thermo Fisher) with a diode array detector, which had been interfaced to a Q-Exactive mass spectrometer to obtain in-line mass spectrometric data of all species. The separation of hydrophobic products was performed on a Hypersil Gold C-18 column (2.1 × 150 mm, 1.9 μm particle size) column with a 11.5 min gradient of 0--30% acetonitrile in 0.1% aqueous TFA. The dAdo was quantified by comparing the peak area to dAdo standards. Detection and quantification of the 2-aminobutyrate product was achieved by mixing an aliquot (20 μL) with 80 μL of acetonitrile and analyzed on a SeQuant Zic-cHILIC column (2.1 × 100 mm, 3 μm particle size) over a 30 min gradient from 20% Buffer B to 67% Buffer B in Buffer A (Buffer A 90% ACN, 10% 25 mM ammonium acetate; Buffer B 10% ACN, 90% 25 mM ammonium acetate). 2-AB was quantified by comparing the EIC peak area to those obtained from a standard curve. All MS measurements were performed in the positive ion mode with a resolution setting of 100 000 and *m*/*z* range of 50 to 650. MS/MS was performed by fragmentation in the high-energy collisional dissociation (HCD) cell of the instrument at various power settings, as noted in the results.

Analysis of Homolysis of 5′-Deoxyadenosylcobalamin (AdoCbl) {#sec2.1.4}
-----------------------------------------------------------

An aqueous 0.1 mM solution of 5′-deoxyadenosylcobalamin was prepared in the anoxic chamber. The solution was transferred to an anaerobic cuvette and removed from the chamber. A UV--visible spectrum was recorded using an Agilent 8453 diode array spectrometer and homolysis was initiated using a table top lamp. Spectra of the sample were recorded at several points during photolysis. A sample was withdrawn at the end of 30 min, at which point homolysis was complete. The LC-MS/MS analysis of the pre- and posthomolysis samples was carried out as described above for the controlled potential experiments.

Results {#sec3}
=======

Cyclic Voltammetry of Bulk SAM {#sec3.1}
------------------------------

Anaerobic cyclic voltammetry of SAM was carried out using a three-electrode configuration with a glassy-carbon working electrode in deoxygenated solvents spanning a wide range of dielectric constants (ε) to investigate environmental influences on the *E*~pc~ of SAM. Representative scans are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. In each case, scans in the cathodic direction show an *E*~pc~ of ∼−1.4 to −1.52 V which, at the lower limit, is over 0.2 V more oxidative than the aqueous reduction of trimethyl sulfonium salts.^[@ref55]^ However, regardless of the solvent, all scans in the anodic direction are featureless, indicating that the reduction of SAM is irreversible and correlates with previous observations of sulfonium salt reduction^[@ref47],[@ref56]−[@ref59]^ and related sulfonamides.^[@ref60]^

![Cyclic voltammograms of SAM in (a) water at 120 mV/s, (b) acetonitrile at 110 mV/s, (c) ethanol at 85 mV/s, and (d) tetrahydrofuran at 100 mV/s.](ja9b00933_0001){#fig1}

In control experiments we find a linear relationship between the height of the peak current (*i*~p~) and the square root of scan rate (see [Figures S1 and S2](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b00933/suppl_file/ja9b00933_si_001.pdf)), indicating that the reduction of SAM is limited by diffusion. To ensure the small solvent-dependent differences in the peak potentials are significant, after each set of scans, a CV of methyl viologen ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b00933/suppl_file/ja9b00933_si_001.pdf)) was obtained following numerous scans at various scan rates (such as those shown in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b00933/suppl_file/ja9b00933_si_001.pdf)). These controls show that the midpoint potentials and peak separation values of the methyl viologen controls remain internally consistent. Finally, the reductive peak potential of SAM is not sensitive to the identity of the counterion (KBr, KCl, or KI), or to the source of SAM (synthetic or commercial ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b00933/suppl_file/ja9b00933_si_001.pdf)). The CV profiles and peak potentials are independent of the supporting counterion or the stock of SAM. Therefore, in all subsequent experiments, we employ KI as the supporting counterion and commercially obtained SAM.

Previous electrochemical studies of sulfonium^[@ref59]^ and iodinium^[@ref61]^ salts demonstrated that covalent functionalization of the glassy carbon electrode can occur upon reductive cleavage. To determine if covalent attachment to the surface was occurring, a solution of SAM in acetonitrile was subjected to iterative CV scans. The measured *E*~pc~ remains at −1.4 V ([Figure S5i,ii](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b00933/suppl_file/ja9b00933_si_001.pdf)). Upon applying a potential of −1.6 V for 300 s, the *E*~pc~ moves toward a more oxidative position of −1.2 V ([Figure S5iii](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b00933/suppl_file/ja9b00933_si_001.pdf)), which, in subsequent scans, slowly trends toward the initial value of −1.4 V ([Figure S5iv,v](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b00933/suppl_file/ja9b00933_si_001.pdf)). These results support the transient, reversible association of SAM to the glassy carbon working electrode surface during electrolysis. Therefore, the measured peak potentials are not significantly affected by surface passivation.

SAM Cleaves under Reducing Conditions to Produce dAdo {#sec3.2}
-----------------------------------------------------

We next examined the products of reductive cleavage of SAM. In these experiments, SAM and the supporting electrolyte KI were mixed under anaerobic conditions. The reactions were poised at potentials ranging from −0.8 to −2.8 V, and aliquots were withdrawn at various times after initiating the reduction. dAdo is readily detected by LC-MS analysis of the samples ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A). The rate of formation of dAdo at each potential was determined by quantifying the peak area of dAdo formed during electrolysis by comparing it to a known dAdo standard curve. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B shows a representative example of the rate data at −1.5 V. Plots of the rate of formation of 5′-dAdo versus cell potential ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C) reveal a clear midpoint potential for the cleavage of SAM which is centered at −1.4 V. This value agrees remarkably well with data obtained from the CV experiments. We note that the 5 mM SAM used in all these measurements was sufficient to achieve the maximal cleavage rate under the experimental conditions.

![SAM is cleaved under reducing conditions to produce dAdo. (A) UHPLC trace of authentic dAdo standard (upper), extract ion chromatogram (EIC) of *m*/*z* 252.11 corresponding to dAdo from authentic standard (middle) and dAdo from electrolysis of SAM (lower). The small difference in retention times observed between UV and MS is the result of the distance between the UV--visible detector and the in-line MS analyzer. (B) Representative dAdo versus time plot at −1.5 V. dAdo standards were used to quantify dAdo. (C) Rate of dAdo as a function of cell potential reveals a midpoint of ∼−1.4 V vs SHE.](ja9b00933_0002){#fig2}

The reductive cleavage of SAM generates Met and dAdo•, which is presumably quenched in solution by a hydrogen atom derived from a solvent exchangeable site. We note that in enzyme catalyzed reactions, dAdo is often formed even in the absence of substrate due to abortive cleavage cycles, which experiments in D~2~O have shown can be quenched by a solvent exchangeable sites. The MS of dAdo exhibits a major base peak at *m*/*z* of 252 ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A). The relative abundances of the base peak and the corresponding +1 and +2 natural abundance isotope peaks are 100% to 10.8% and 0.6%, respectively. These are consistent with the theoretical values. By contrast, when the same experiment is carried out in 95% D~2~O, in addition to the major base peak, a substantial peak at *m*/*z* of 253.1145 ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B), which is within 5 ppm of that expected for dAdo containing a single deuterium atom, is observed. The source of this deuterium is not known, but we presume it is derived from a solvent exchangeable site. We also see unlabeled dAdo, albeit at much smaller amounts, which could arise from dAdo• being quenched by nonexchangeable sites, such as the buffer, or sites that exchange with the small amount of H~2~O present. These data unambiguously establish dAdo is a product of the controlled potential reduction of SAM.

![Isotope incorporation from bulk solvent into dAdo. Isotopic peak distribution of dAdo when electrochemically reduced in (A) H~2~O or (B) D~2~O.](ja9b00933_0003){#fig3}

dAdo Formation: A One Electron Process {#sec3.3}
--------------------------------------

While deuterium incorporation into dAdo suggests that dAdo• forms in the reductive cleavage of SAM, it can also undergo a secondary reduction, followed by protonation to produce 5′-dAdo. Frey and Abeles demonstrated that when adenosylcobalamin (AdoCbl) is photolyzed under anaerobic conditions, 8,5′-cycloadenosine (cyc-dAdo) is one of the observed products.^[@ref62],[@ref63]^ The formation of cyc-dAdo presumably occurs through a radical addition between the unpaired electron at the 5′-position and the C-8 of the base. We reasoned that observation of cyc-dAdo would implicate the formation of dAdo• during controlled potential electrolysis of SAM. As an initial control, we carried out anaerobic photolysis of AdoCbl and analyzed samples before and after complete cleavage of the molecule. In our experimental setup, exposure of a 0.1 mM solution of AdoCbl in water to light for 30 min leads to the disappearance of the AdoCbl features at 520 nm and the appearance of cob(II)alamin at 475 nm ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A). We observe no oxidation of the cob(II)alamin, which is reasonable considering that oxygen is excluded in these experiments. As expected, LC-MS analysis of the reaction mixture before and after exposure to light shows that the homolysis leads to the formation of dAdo, which has the same retention time and mass (*m*/*z* = 252) of that formed in the controlled potential experiments with SAM (compare [Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B and [2](#fig2){ref-type="fig"}A). Formation of dAdo requires light and did not form if the sample was not photolyzed. To identify the presence of cyc-dAdo, the extracted ion chromatograms from samples that were removed before and after photolysis of AdoCbl were examined for species with *m*/*z* of 250. The EIC reveal two peaks (at 3.8 and 10.6 min) ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B), which are only observed under illumination. As discussed below, the 10.6 min peak corresponds to cyc-dAdo.

![Analysis of photolysis products of AdoCbl (A) UV--visible spectra of 0.1 mM AdoCbl solution during photolysis. (B) EIC traces at *m/*z 252.11 AdoCbl prior to (gray) and resulting from photolysis (black) (upper) and EIC trace at *m*/*z* 250.09 prior to (gray) and resulting from photolysis (black) (lower). (C) HCD fragmentation of authentic dAdo standard (upper; RT 12.2 min, *m*/*z* 252.11) and authentic cyc-dAdo (lower; RT 10.6 min, *m*/*z* 250.09). (D) HCD fragmentation of dAdo (upper; RT 12.2 min, *m*/*z* 252.11) and cyc-dAdo (lower; RT 10.6 min, *m*/*z* 250.09) from photolysis of AdoCbl.](ja9b00933_0004){#fig4}

To definitively identify the 10.6 min peak as cyc-dAdo, comparative MS/MS analysis of dAdo and an authentic cyc-dAdo standard were carried out. High-energy collisional dissociation (HCD) of dAdo releases the base, which has an *m*/*z* of 136.0614 ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C upper trace). By contrast, fragmentation of cyc-dAdo only leads to loss of water resulting in an *m*/*z* of 232.08. We do not observe release of the base at any HCD power setting examined ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b00933/suppl_file/ja9b00933_si_001.pdf)) with the cyc-dAdo standard; this is presumably because fragmentation at both the N-glycosidic bond and the C5′--C8 cross-link are unlikely ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C lower trace and [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b00933/suppl_file/ja9b00933_si_001.pdf)). Analysis of the species eluting at 10.6 min with *m*/*z* of 250 formed during photolysis of AdoCbl reveals identical fragmentation properties ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}D lower trace). The HCD fragmentation of the peaks corresponding to dAdo and cyc-dAdo observed during the photolysis of adenosylcobalamin are identical to the authentic standards (compare [Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C and D). Since the peak at 3.8 min did not have the retention time or fragmentation pattern of cyc-dAdo, we did not probe the identity of this species further.

The extracted ion chromatograms from controlled potential electrolysis of SAM also reveal formation of cyc-dAdo ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A), which elutes with exactly the same retention time as samples from photolysis of AdoCbl and the authentic standards (compare [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B and [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b00933/suppl_file/ja9b00933_si_001.pdf)). Moreover, when subjected to HCD fragmentation only loss of water, rather than the release of the adenine base ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B), is observed. This is consistent with its assignment as cyc-dAdo ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C and D).

![Characterization of *m*/*z* 250 species from controlled potential electrolysis of SAM. (A) EIC at *m*/*z* 250.09 of electrolysis of SAM at −1.8 V. (B) Fragmentation of the species at *m*/*z* of 250.09 produces fragments that are identical to those observed with cyc-dAdo standards ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C).](ja9b00933_0005){#fig5}

Reductive Cleavage of SAM also Produces 2-AB {#sec3.4}
--------------------------------------------

The results described above clearly demonstrate that electrolysis of SAM produces 5′-dAdo•. However, in a small subset of radical SAM enzymes, homolysis of SAM is also able to produce a 2-AB radical. For example, 2-AB, which is presumably formed by the reductive cleavage of SAM, is used to post-translationally modify a histidine residue in elongation factor-2 (EF-2) forming "diphthamide."^[@ref16],[@ref17]^ Therefore, we investigated the production of 2-AB in controlled potential electrolysis of SAM. 2-AB is readily detected by LC-MS analysis using a hydrophilic HPLC column ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A, upper trace). The species eluting at 5.7 min exhibits a *m/*z of 104.0707), which is within 3.8 ppm of the theoretical mass of 2-AB. Electrolysis of SAM under the conditions needed to produce dAdo also forms a species with identical retention time (5.7 min) and *m*/*z* (104.0707) as the standard (see [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A and B, middle trace). The *m*/*z* of the species observed in the electrolysis experiments is also within 3.8 ppm of the theoretical mass. As with dAdo, when this experiment is carried out in D~2~O an additional peak at *m*/*z* 105.0769 ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}B, lower trace) is observed. The observed *m*/*z* is within 3.8 ppm of the expected value for incorporation of a single deuterium into 2-AB. As with dAdo, 2-AB appears to quench by incorporating H from both solvent exchangeable and nonexchangeable sites.

![Controlled potential electrolysis of SAM produces 2-AB. Controlled potential electrolysis experiments were carried out at −1.8 V. (**A**) The EIC traces correspond to 2-AB standard (upper trace, *m*/*z* = 104.07), electrolysis in H~2~O (middle trace, *m*/*z* = 104.07), and electrolysis in D~2~O (lower trace, *m*/*z* = 105.07). (**B**) Mass spectra corresponding to the peak at 5.7 min in the EIC traces are shown in panel **A**. (**C**) MS/MS analysis of the base peaks in spectra shown in **B**.](ja9b00933_0006){#fig6}

To unambiguously establish that the 2-AB observed in these experiments is identical to the standard, the base peaks were subjected to MS/MS analysis ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}C). The major fragmentation product of the 2-AB standard and 2-AB produced in H~2~O is at *m*/*z* of 58.0659, which is consistent with the loss of the carboxylate. In D~2~O, peaks at 105.07 and 59.07 are observed, consistent with incorporation of deuterium into 2-AB.

To establish if the rate of cleavage of SAM to produce 2-AB correlates with the peak potential of SAM, controlled potential experiments were conducted where the cell was poised at −1.25, −1.5, or −2.25 V ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}A), followed by simultaneous quantification of dAdo and 2-AB. Because 2-AB does not have a UV--visible feature that can be used for quantitation, we integrated the peak area for 2-AB and dAdo in the EIC traces of these species at various times and quantified by comparison to known standards. As shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}B, both species are formed at similar rates over the range of potentials examined. Indeed, the dependence of cleavage rate on the applied potential is very similar to that shown for dAdo alone (compare [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C and [7](#fig7){ref-type="fig"}B), with a midpoint for rate occurring near the peak potential of SAM. Therefore, at least to a first approximation, there is no energetic preference for which C--S bond is cleaved, and the choice of cleavage in enzyme-catalyzed reactions is dictated by the local environment of the active site.

![dAdo and 2-AB are produced with similar rates during controlled potential electrolysis of SAM. In these experiments, solutions were poised at −1.25 V (circle), −1.5 V (triangle), or −2.25 V (square). Samples were withdrawn at various times and (**A**) dAdo (black) and 2-AB (red) were quantified on the basis of the area of the EIC peak. (**B**) Rate of formation of dAdo (black) and 2-AB (red) versus the cell potential.](ja9b00933_0007){#fig7}

In summary, the results presented here demonstrate that the controlled potential electrolysis of SAM produces both dAdo and 2-AB. In the enzyme, the choice of dAdo• or 2-AB• is presumably dictated by the active site constraints. To our knowledge these data are the first measurement of the reductive potential of SAM and evidence for its ability to produce dAdo• or 2-AB• under enzyme-free conditions.

Discussion {#sec4}
==========

Radical SAM enzymes have emerged as a massive superfamily whose functions span primary and secondary metabolism in all domains of life. Recent bioinformatic studies suggest that there may be \>100, 000 members in the superfamily, many of which are likely to catalyze distinct transformations.^[@ref6]^ Despite their ubiquity, the function of only a few handfuls of radical SAM enzymes are known. In nearly every case, significant mechanistic questions remain, particularly in cases where multiple iron--sulfur clusters are required for catalysis. The details for the activation of SAM have remained murky.

Frey and colleagues recognized early on with studies on LAM that the energetic requirement to cleave SAM is significant. Model studies available at the time placed the cathodic peak potential of SAM at ∼−1.6 V (v SHE). While the peak potential correlates with both the free energy and kinetics of the reduction and not the thermodynamic barrier for cleavage of SAM alone, the substantial difference between it and the midpoint potential of the radical SAM cluster in LAM still suggests a significant obstacle to its cleavage^[@ref51],[@ref64]^ The midpoint potential of the cluster is lowered to −0.99 V in the ternary complex, suggesting that the binding energy from the interactions with the substrates/cofactor may partially mitigate this.^[@ref51]^ If one takes the experimentally obtained *E*~pc~ of SAM from this study (∼−1.4 V) as the upper limit for the reduction potential of bound SAM, the difference between the *E*~pc~ and the midpoint of the potential is still 0.41 V, which still corresponds to a ∼40 kJ/mol thermodynamic mismatch. We cannot rule out the binding to the cluster may finetune the potential of SAM.

More recently Broderick, Hoffman, and their co-workers have posed an intriguing hypothesis for the activation of SAM, which is based on the observation of a new species in the reaction catalyzed by pyruvate formate lyase activating enzyme (PFL-AE). The omega intermediate (Ω) forms early in incubation of PFL-AE^[@ref7]^ and its disappearance correlates with formation of the glycyl radical on its partner pyruvate formate-lyase, which ultimately catalyzes the conversion of pyruvate to formate. Ω has been proposed to be an organometallic adduct of the radical SAM cluster with the 5′-position of dAdo. This intermediate has also been seen with several other radical SAM enzymes.^[@ref65]^ The appeal of this adduct 2-fold. First, this adduct would provide mechanistic symmetry between Ω and the AdoCbl cofactor. Second, it mitigates the need for direct reductive cleavage of SAM, which as discussed above, is energetically uphill. However, if the mechanism for the formation of the adduct entails initial reductive cleavage, followed by recombination with the cluster, then the process would be similarly unfavorable energetically.

A comprehensive understanding of the reductive cleavage of SAM by radical SAM enzymes requires that we understand the reduction of SAM as its own entity. It is with this goal in mind that we undertook the voltammetric and amperometric studies of SAM in solution. Our data show that SAM is irreversibly cleaved with an *E*~pc~ of ∼−1.4 V. All structural data to date place the sulfonium moiety of SAM within a few angstroms of the cluster, thereby providing significant charge--charge interactions between the cluster and SAM that may further facilitate its reductive cleavage. While studying the electrochemical reduction of SAM in bulk solution removes the bias for any specific orientation of SAM during homolysis and both dAdo and 2-AB can form, in the active site the binding mode of SAM to the cluster must necessarily be favoring the production of an dAdo• versus the 2-AB radical,^[@ref16],[@ref17],[@ref66]^ suggesting that binding orientation dominates which radical is produced from its homolysis in the enzyme. To our knowledge, 2-AB is never observed in enzymes that generate dAdo for catalysis and vice versa. We note in passing that while the difference between the *E*~pc~ of SAM (−1.4 V) and those of alkyl and aryl sulfoniums may seem small, the value reported here is essential to ground any future discussion of the mechanisms by which radical SAM enzymes overcome substantial thermodynamic mismatches to allow the radical cluster to catalyze the cleavage of a C--S bond of SAM.

The measured potential for the reductive cleavage of SAM in solution presented in this manuscript provides a starting point for quantitative insights into the mechanism for the activation of SAM by radical SAM enzymes. These data support the notion that, in principle, SAM can undergo reductive cleavage. While the differences between the free energy for cleavage of SAM and the midpoint potential of various iron--sulfur clusters suggest a substantial thermodynamic mismatch, we posit that in fact, nature may have evolved this by design. If the potential of the cluster was such that cleavage of SAM occurred readily, it would potentially lead to formation of significant levels of dAdo•, which in the absence of substrate, could be quenched to form dAdo. Indeed, abortive cleavage of SAM is observed *in vitro* and hampers radical SAM enzymology. In many of these enzymes, the concentration of their substrate is likely to be significantly less than that of SAM *in vivo.* The substantial negative potential of SAM would ensure that cleavage is a rare event that coincides with the presence of bound substrate.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/jacs.9b00933](http://pubs.acs.org/doi/abs/10.1021/jacs.9b00933).Figures S1--S7 show methyl viologen control CV scans, overlay of CV of SAM solutions obtained with variable scan rates, scan rate dependent peak responses of SAM in solution, electrode passivation controls, HCD fragmentation of cyc-dAdo standard, and extracted ion chromatogram of cyc-dAdo standard ([PDF](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b00933/suppl_file/ja9b00933_si_001.pdf))
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